Adenosine triphosphate (ATP) is a versatile molecule used mainly for energy and a phosphate source. The hydrolysis of γ phosphate initiates the reactions and these reactions almost always start when ATP binds to protein. Therefore, there should be a mechanism to prevent spontaneous hydrolysis reaction and a mechanism to lead ATP to a pure energy source or to a phosphate source. To address these questions, we extensively analyzed the effect of protein to ATP conformation based on the sampling of the ATP solution conformations obtained from molecular dynamics simulation and the sampling of ATP structures bound to protein found in a protein structure database. The comparison revealed mainly the following three points; 1) The ribose ring in ATP molecule, which puckers in many ways in solution, tends to assume either C2′ exo or C2′ endo when it binds to protein.
Adenosine triphosphate (ATP) is a versatile molecule used mainly for energy and a phosphate source. The hydrolysis of γ phosphate initiates the reactions and these reactions almost always start when ATP binds to protein. Therefore, there should be a mechanism to prevent spontaneous hydrolysis reaction and a mechanism to lead ATP to a pure energy source or to a phosphate source. To address these questions, we extensively analyzed the effect of protein to ATP conformation based on the sampling of the ATP solution conformations obtained from molecular dynamics simulation and the sampling of ATP structures bound to protein found in a protein structure database. The comparison revealed mainly the following three points; 1) The ribose ring in ATP molecule, which puckers in many ways in solution, tends to assume either C2′ exo or C2′ endo when it binds to protein.
2) The adenine ring in ATP molecule, which takes open-book motion with the two ring structures, has two distinct structures when ATP binds to protein.
3) The glycosyl-bond and the bond between phosphate and the ribose have unique torsion angles, when ATP binds to protein. The combination of torsion angles found in protein-bound forms is under-represented in ATP molecule in water. These findings suggest that ATPbinding protein exerts forces on ATP molecule to assume a conformation that is rarely found in solution, and that this conformation change should be a trigger for the reactions on ATP molecule.
Key words: adenosine triphosphate, curvature, database analysis, molecular dynamics simulation, torsion angle Adenosine triphosphate (ATP) is a widely used molecule in the cell for an energy source 1 . A textbook example of the use of ATP is a chemical bond formation between two substrates coupled with ATP hydrolysis catalyzed by an enzyme. In this reaction, a phosphoanhydride bond between β and γ phosphate groups is cleaved, and the released energy is used to condense the substrates. The released energy can also be a trigger for alteration of the conformation of protein 2 . In either case, the remaining adenosine diphosphate (ADP) and the inorganic phosphate are released to water. Some of the reactions yield an inorganic diphosphate by cleaving the bond between α and β phosphate groups 3 . Other than the reaction to gain energy, ATP is utilized as a source for phosphate group, adenosine monophosphate (AMP) and adenine. These chemical groups are utilized for phosphorylation that transfers the inorganic phosphate to the substrate 4 , adenylation that transfers AMP to the substrate 5 , and adenosylation that transfers adenosyl to the substrate 6 , respectively. The use of the same ATP molecules in a variety of chemical reactions is evidently based on its versatility in the conformation, but the mechanism for regulating the conformation for distinct functions has not been addressed. The ATP molecule that undertakes a hydrolysis between β and γ phosphate groups, for instance, should block the chemical reaction pathways to phosphorylation, adenylation and others, otherwise the unrelated functions would be carried out. In addition, ATP molecule in water needs to have a certain mechanism to stay away from the chemically reactive situations leading to a spontaneous hydrolysis.
These conjectures can be tested by protein structure database analysis and computer simulation. Accumulation of the coordinate data of ATP bound to the proteins enabled us to obtain ATP conformations on proteins at the variety of functions. Improvements in simulation techniques and computer hardware enable us to sample conformations of ATP in water. Comparisons of these ATP conformations will give us a clue to solidify the conjecture.
Here, we compared the structures of ATP molecules in Protein Data Bank (PDB) 7 and those sampled from the molecular dynamics (MD) simulation. We found that the conformation of protein-bound ATP is under-represented in ATP in water, which suggests that ATP molecule should be forced to take a specific conformation on a protein to initiate biological functions.
Methods

Choosing proteins with ATP molecule from PDB
Three-dimensional coordinate data of protein structure with ATP were selected from PDB 7 . The protein entries with coordinates of ATP were first selected on Het-PDB Navi.
8 using "ATP" as a query term. Redundancy in entries was eliminated by grouping the proteins with their sequence identity. The interactions between protein chain and ATP molecule were detected by differences in accessible surface areas of the protein chain when the area was calculated with and without the ATP molecule. We calculated the accessible surface area by the in-house program and the program is now available at http://cib.cf.ocha.ac.jp/bitool/ASA/. The calculation is based on the method of Shrake and Rupley 9 . Chains with less than 60 amino acid residues were discarded. Classification of proteins by sequence identity was carried out using BLASTClust 10 . The sequence identity for the classification was set to 25%. From each group, a protein chain with the best resolution was selected as the representative.
Conformation sampling of ATP molecule by molecular dynamics simulation
Molecular dynamics simulation of ATP was performed to sample conformations of ATP in water. The initial structure of ATP was taken from the three-dimensional structure data of Thermus thermophilus D-alanine:D-alanine ligase (PDB ID, 2zdq) 11 . The ATP numbered 1501 in A chain was used. For the calculation, GROMACS 4.0.4 12 was used. We employed a standard NPT procedure for the simulation described in the manual of GROMACS. We used the force field for ATP molecule implemented in ffG43a1.rtp file. The file described the parameters for all the atoms of ATP except for methyl hydrogen atoms, which were united to the bonded carbon atoms. A hydrogen atom not described in PDB file was geometrically generated at an allowed position. The geometric center of the ATP molecule was then placed at the center of a cube with 2.7×10 4 Å 3 volume filled with water molecules with periodic boundary condition. By removing water molecule overlapping with ATP, the number of water molecules was settled to 876. After minimizing the energy of the system by steepest decent method and performing molecular dynamics with restraint on ATP in 1 ns, we performed 2 ns simulation of ATP in solvent with 2 fs step size. The temperature was set in 300 K. Cutoff distance of van der Waals and electrostatic interactions was set to 10 Å. We ran ten different sets of the simulation starting with a different random-number seed. From each trajectory file, coordinates of ATP in every 0.1 ps were retrieved and snapshot structures from the latter 1 ns simulation were used for analyses.
Comparison of ATP structures: torsion angle and ring curvature
Conformations of ATP molecules in protein-bound and free forms were compared by torsion angles of bonds and flatness of ring structures.
Torsion angles in ATP were defined as shown in Figure 1 . The definition is the same as the ones commonly used in DNA and RNA (see Chapter 5 of Schlick T.
13 , for instance). A torsion angle of a glycosyl bond (C1′-N9), for example, is defined by O4′, C1′, N9 and C4. The cis position of O4′ and C4 is defined as zero degree and the clockwise rotation of the N9-C4 bond viewed in C1′-N9 direction is defined as a positive rotation.
Flatness of the ring structure of ribose and adenine was calculated using discrete Gaussian curvature (K) and mean Figure 1 Definition of the torsion angle for ATP molecule. Each torsion angle is named as shown in the right box. In the box, the torsion angle of the bond by the second and the third atoms is defined by the rotation between the first-second and the third-fourth bonds. cis location of the first and the fourth atoms is defined as zero degree. The order of the atoms also defines the sign of rotation, namely clockwise rotation of the fourth atom against the first atom is defined as a positive rotation. The arrows in the figure depict the positive rotation of the bond.
curvature (H) descriptions (Fig. 2) . The Gaussian curvature at a point on a surface is defined as a product of the maximum and minimum curvatures of a plane embedding the normal vector of the point (the principal curvatures), and the mean curvature is defined as a mean of the principal curvatures. With both curvatures, the degree of flatness and of puckering of a ring structure can be described. Here we employed the definition of the discrete Gaussian and mean curvatures described in references 14 and 15. The discrete Gaussian curvature at the gravity center of a ring can be calculated as;
and the discrete mean curvature at the gravity center can be calculated as;
In these calculations, A ij is the area of triangle spanned by atoms i, j and the gravity center of the ring, θ ij is the angle in radian between the two lines, the line connecting atom i and the gravity center, and the line connecting atom j and the gravity center, δ i is the torsion angle in radian between two triangles over the line drawn between atom i and the gravity center, and l i is the length of the line drawn between atom i and the gravity center. The subscripts i and j go over all the atoms for the ring 14, 15 . For the curvature calculation of the ribose, namely C1′, C2′, C3′, C4′ and O4′ atoms were used. Curvature calculation for the two ring structures in adenine was done separately. For the curvature calculation of the six-membered ring in the adenine, N1, C2, N3, C4, C5 and C6 atoms were used, and of the five-membered ring, C4, C5, N7, C8, and N9 atoms were used. The relative orientation of the two rings in the adenine was described by the flatness of the pseudo-hexagon consisting of C6, C5, N7, N9, C4 and N3 atoms.
Intuitively, the discrete Gaussian curvature measures whether the surface is curved or not, whilst the discrete mean curvature measures the degree of the mixture of the concaveness and convexness. In this analysis, the Gaussian curvature at the gravity center of the ring is always negative. The sign of the mean curvature depends on the strength of concaveness and convexness of the ring structure at the gravity center. Flatness and puckering of the ring can be described by both curvatures through concaveness and convexness.
Results and Discussion
Coordinate set of ATP from PDB
The set of proteins with ATP in PDB is shown in Table 1 . There were 188 unique protein-ATP complex. The uniqueness was defined by the sequence identity of the proteins. No proteins in the set have sequence identity more than 25% based on the calculation by BLASTClust 10 . The biological uniqueness of these proteins was checked based on Uni Prot 16 ID. UniProt ID is basically built by protein function abbreviation with a species name abbreviation connected by an underscore. None of the entries in Table 1 has the same protein function based on the UniProt ID.
We checked through the literatures of all these data for the biological function of ATP molecules and tabulated them based on the function. We found that 43 were for energy extraction through Pi hydrolysis, 42 for phosphorylation, 29 for energy extraction through PPi hydrolysis, 15 for adenylation, 3 for adenosylation and the remaining 56 were miscellaneous or function unknown (Table 1 ).
Molecular dynamics simulation of ATP in solvent
One of the results for 2 ns ATP simulations is shown in Figure 3 . For the first 200 ps, the structure of ATP molecule seemed to oscillate amongst a limited number of conformations, but after that the molecule assumed many types of conformations. The behaviour in detail was different in different runs of simulation (Supplementary Figs. 1A-I), but the overall tendency and the scale of fluctuation were quite similar. For the analyses hereafter, we used all the conformations obtained in the latter 1 ns of ten runs, namely 100,000 samples of the conformations.
Sufficiency of conformation sampling in this set of simulations is important in the following analyses. Figure 3 and Supplementary Figure 1 showed that, after 1 ns of simulation, ATP molecule underwent a compact and an extended conformations for a couple of times. These back-and-forth trajectories suggest that ATP molecule assumed quite a number of different conformations. In the following analyses, the analysis applied on conformations from each trajectory and the one applied to all as a whole did not show significant differences with a minor exception. This behaviour of the data suggests that the reasonable number of con- Figure 2 The definition of the discrete Gaussian and mean curvatures at the gravity center. formations was obtained in the ten runs of 2 ns simulation.
Comparison of ribose conformations
Curvature of ribose in ATP had different distributions between the one calculated from the snapshot conformation in MD simulation and the one from PDB data (Fig. 4) . The Gaussian curvature of the ribose from MD simulation had normal-like distribution around −0.11 and the mean curvature had normal-like distribution around 0.02. This behaviour was almost the same in each trajectory of ten runs ( Supplementary Fig. 2 ). The distribution of the mean curvature of the ribose from PDB was more or less the same as the distribution from MD simulation, but the distribution of the Gaussian curvature of the ribose from PDB was not in the normal form and about 70% of them lay between −0.10 and −0.05. The value of the Gaussian curvature is always negative by definition, and when the value is close to zero, the ring structure is close to a flat structure. Therefore, the comparison of the structures above suggests that the ribose in ATP is off the plane when it exists in water, but is restricted to relatively planar structure when bound to a protein. This difference is not that obvious when the structures are compared in torsion angles of the ribose ring.
The torsion angles τ 0 and τ 4 can be good indicators of puckering structure of ribose ring. As shown in Figure 5 , a cluster of structures at the first quadrant (τ 0 > 0 and τ 4 >0) is C2′ exo conformation, the second quadrant (τ 0 < 0 and τ 4 >0) is O4′ endo conformation, the third quadrant (τ 0 < 0 and τ 4 <0) is basically C2′ endo conformation, and the fourth quadrant (τ 0 >0 and τ 4 <0) is O4′ exo conformation. In water, C2′ exo and C2′ endo conformations was highly dominated followed by O4′ endo conformation. When the distribution in different ten runs of simulation was examined (Supplementary Fig. 3 ), four runs (trajectories 01, 03, 06, 07) had more numbers of C2′ exo conformations and two runs (trajectories 05, 09) had more numbers of C2′ endo conformations. As a whole, there is a tendency to prefer both C2′ exo and C2′ endo conformations in water. When ATP bound to protein, the number of C2′ exo and C2′ endo conformations were more or less the same and O4' endo conformation was less populated.
The difference in puckering seemingly has a connection to the biological role of ATP molecules. Out of 188 proteinbound ATP molecules in the dataset, 43 ATP molecules were for energy extraction through Pi hydrolysis, and 42 ATP molecules were for phosphorylation (Table 1) . About 50% of 43 plus 42 ATP molecules took either C2′ exo or C2′ endo conformation. Interestingly, 33% of ATP molecules in energy extraction group (the maximum portion in the group) took C2′ endo conformation, and 33% of ATP molecules in phosphorylation group (the maximum portion in the group) took C2′ exo conformation.
Comparison of adenine conformation
We analyzed the conformation of adenine in two separate rings, namely five-membered ring and six-membered ring. The five-membered ring had a flat conformation during the MD simulation with an occasional slight deviation (Fig. 6) . The distribution of the black dots in the figure, which forms an eastbound comet shape in any runs of simulation (Supplementary Fig. 4) , suggests that the five-membered ring in adenine should undergo puckering in a very slight scale. The five-membered rings of adenine in the ATP molecules in PDB took a very flat conformation as visualized in the figure by red dots. Almost all the dots were found at the head of the comet shape, where both Gaussian and mean curvatures were very close to zero.
The conformation of six-membered ring in adenine had different characteristics compared with the five-membered ring. In the conformation obtained by the MD simulation, the distribution of the Gaussian curvature was significantly different from that for the five-membered ring (Fig. 7) . In the Gaussian curvature, the absolute value of the center of the distribution was significantly greater, and the width of Figure 4 Ribose curvature in the conformations from molecular dynamics simulation and from PDB. A black dot is obtained from the snap shot conformation form the molecular dynamics simulation, and a red dot is from PDB. The histogram in black clarifies the distribution of black dots, and the one in red clarifies the distribution of red dots. The ribose with minimum/maximum curvature values in the snap shot conformations from the molecular dynamics simulation were drawn on the histograms. the distribution was significantly wider than those of fivemembered ring. The magnitude of distribution in the mean curvature was also greater than that of five-membered ring. These differences evidently appeared in any runs of the simulations ( Supplementary Fig. 5 ). All of these facts indicate that the six-membered ring in solution was deviated from a flat structure in a greater scale compared with the fivemembered ring. These deviations from flatness were, however, considerably adjusted when ATP molecule bound to a protein. The distribution of Gaussian curvature of six-membered ring in PDB protruded out to the east direction from the distribution of the Gaussian curvature and squeezed to the center of the mean curvature of ATP in water (red dots in Fig. 7) . The six-membered ring of adenine was apparently flattened by the protein, to the extent of the flatness that rarely appeared in ATP in water.
Adenine structure can be approximated to two flat rings that oscillate at the connection and the oscillation motion can be observed in the MD simulation. We described the oscillation motion by defining a pseudo-ring across the two rings and calculated Gaussian and mean curvatures (Fig. 8) .
In the conformation obtained from the MD simulation, both Gaussian and mean curvatures had normal-like distribution and a crescent-shape distribution when combined; two edges of the crescent consisted of the conformations in the long tail of the Gaussian curvature. These distributions were observed in trajectories of ten runs (Supplementary Fig. 6 ). In the conformations from PDB, however, the values of the mean curvature were virtually zero and the values of the Gaussian curvature distributed around two peaks, namely the peaks at −0.75 and at −0.68. The former conformations mostly lay within the distribution of ATP in solution, but the latter conformations lay out of the range of the distribution of ATP in solution. The distribution of Gaussian curvature in PDB had no clear correlation to other values such as buriedness of ATP molecule to the protein or the function of ATP molecules, and hence the physicochemical explanation for this distinction needs further study. It seems that, due to some structural constraints, the conformation with Gaussian curvature −0.70 is prohibited in the adenine ring.
Different distributions of torsion angles between the conformations of MD simulation and of PDB
The torsion around the chemical bond between the phosphate unit and the ribose (γ), and that around the glycosyl bond connecting the ribose and adenine (χ) are apparently far more flexible than the torsion angles around the bonds for ribose and adenine rings in ATP molecule (Fig. 1) . How- Figure 6 Adenine five-membered ring curvature in the conformations from the molecular dynamics simulation and from PDB. A black dot is obtained from the conformation of the molecular dynamics simulation, and a red dot is from PDB. The histogram in black clarifies the distribution of black dots, and the one in red clarifies the distribution of red dots. The adenine five-membered rings with minimum/maximum curvature values in the snap shot conformations from the molecular dynamics simulation were drawn on the histograms. A chemical bond at the bottom of each figure is a glycosyl bond and six-membered ring is located at the far side. Figure 7 Adenine six-membered ring curvature in the conformations from the molecular dynamics simulation and from PDB. A black dot is obtained from the conformation of the molecular dynamics simulation, and a red dot is from PDB. The histogram in black clarifies the distribution of black dots, and the one in red clarifies the distribution of red dots. The adenine six-membered rings with minimum/maximum curvature values in the snap shot conformations from the molecular dynamics simulation were drawn on the histograms except for the conformation on the far right side which is derived from PDB structure (PDB ID: 2J9L). A chemical bond at the bottom of each figure is a glycosyl bond and five-membered ring is located at the far side.
ever, the torsion angles around these bonds in conformations from MD simulation were heavily populated at only two states. When the conformations were counted with the bins of torsion angles digitized by 10 degrees, the densely populated bins were represented by a pair of torsion angles γ =−170 and χ=70, and by a pair of γ =−60 and χ=60. Both conformations were found around 1.0% of the whole population (Fig. 9) . Different trajectories had peak population in different torsion angle pairs ( Supplementary Fig. 7 ), but the two peaks in Figure 9 were almost consistently appeared as one of the top peaks in all trajectories. The noticeable exceptions were trajectories 5 and 6. Both trajectories did have a peak at γ = −60 and χ=60, but did not have a peak at γ =−170 and χ= 70. The torsion angles γ = −90 to −180 represents a trans conformation between O5' and C3'. The torsion angle χ= 60 represents a gauche + or syn conformation between the ribose and the adenine. Obviously the ATP molecule assumes a compact conformation by syn conformer in water.
Peaks in a pair of torsion angles were found in different values in the conformations from PDB. The most heavily populated pair of angles was γ = 50, χ= −150 (3.4%), followed by γ = 50, χ= −160 (2.9%) and γ =40, χ= −120 (2.9%) (Fig. 9) . The torsion angle γ = 50 represents a cis conformation between O5′ and C3′. χ= −120 to −160 represents an anti conformation between the ribose and the adenine. When bound to a protein, the ATP molecule is extended over the protein.
In the population derived from MD simulation, the proportion of the conformations abundant in PDB was approximately half of the most populated conformation. Both the conformations with γ =50 and χ=−150 and the conformations with γ =50 and χ=−160 occupied about 0.4%, and the conformations with γ = 40 and χ= −120 about 0.2%. In trajectory 6 in ten runs of simulations, 1% of the population was found in a pair of torsion angles close to the conformations found in PDB. This is, however, the only run with the dense population and none of the nine others had the dense population at the corresponding torsion angle pairs. On the other hand, in the population of PDB, the proportion of the conformations abundant in MD simulation was virtually none. These results strongly suggest that during the process of ATP binding to protein, the protein should exert forces on ATP molecule to assume the specific conformation that were under-represented in solution.
As mentioned above, there were three sets of torsion angles in ATP molecules that often appeared in PDB. These three sets were virtually grouped into two, namely, a pair of 50 ≤γ< 60 and −160 <χ≤−140, and a pair of 40≤γ<50 and −120 <χ≤−110 (Fig. 9) . When we examined the function of ATP molecules in both peaks, we found that the proteins in the former peak had ATP for phosphorylation function twice as many as those in the latter peak (the second group in Table 1 ). Mildvan discussed in his review 17 and his works with the coworkers, that the former peak of χ angle (they called low-antiglycosyl torsional angle) was found in ATPMn 2+ binary complex and represented presumably an inactive form, and that the latter peak of χ angle (they called high-antiglycosyl torsional angle) was found in ATP-Mn 2+ -kinase ternary complex and presumably represented an active form. Combined with the current analyses, we suggest that the former peak (50≤γ<60 and −160<χ≤−140) is the set of torsion angles for inactive form and may be easily crystalized. And the latter (40 ≤γ< 50 and −120< χ≤−110) peak is the torsion angles for active form and may be difficult for crystalization, because the conformation initiates chemical reactions. This may explain the difference in the density of population in two peaks. The over-representation of ATP molecules for phosphorylation in the former peaks can be explained by the possibility that they were much easily crystalized in the inactive form.
Conclusion
In this paper, we extensively analyzed the effect of protein to ATP conformations. It has been implicitly assumed that protein affects on ATP conformation when it binds, but there were no comprehensive study on this issue.
Based on the sampling of the ATP solution structures obtained from MD simulation, and the sampling of ATP structures bound to a protein in Protein Data Bank, the following three characteristics were found.
1) The ribose ring in ATP molecule, which is flexible in solution, tends to assume C2′ exo or C2′ endo conformation when it binds to protein. Proteins that use ATP for energy source tend to bind ATP with C2′ endo forms. Proteins that use ATP for phosphorylation tend to bind ATP with C2′ exo forms.
2) The adenine ring in ATP molecule, which assumes open-book motion with the two ring structures, has two distinct structures when ATP binds to protein. One of the structures is commonly found in solution but the other not. The physicochemical background of this distinction needs further study.
3) The torsion angles of glycosyl bond (χ) and the bond between phosphate unit and the ribose (γ) take unique values when ATP binds to protein. The combination of the torsion angles well populated in solution rarely found in the ATP molecule on the protein. There are two well-populated torsion angles in ATP bound to proteins, one of which may represent active form and the other inactive form.
These findings suggest that ATP-binding protein forces ATP to take rare conformation in solution when ATP binds to protein, and that this conformational change exerted by the protein should be the trigger for the cleavage of the γ phosphate group.
Finding a conformation of the bound ligand is a big issue in protein-ligand docking problem 18, 19, 20 . The widely used methods introduced MD to search for the conformation of the ligand placed close to the protein. The current study implies that, in the case of ATP molecule, protein bound conformation can hardly be achieved by simple MD simulation, as shown that flatness of the ring structures and the χ and γ torsion angles for protein-bound ATP rarely appears in solution. Therefore, a sophisticated MD simulation that includes both a ligand and a protein at once is, at least, necessary to sample the conformations for protein-ligand complex. In addition, the failure in finding the appropriate conformation in MD simulation can be circumvented by a database search (database sampling), in case the proteinligand conformations are abundant in the database. Figure 9 Probability density function map of the torsion angles γ and χ. The left map is derived from the snap shot conformations of the molecular dynamics simulation, and the right map is from the conformations in PDB. The probability is depicted in rainbow colour scheme from blue to red in ascending order as shown in the colour bars. Note that the dynamic range of the two maps is different. One of the structures in highly populated torsion angles is shown on the top.
